Introduction {#S0001}
============

Although dental caries has affected the human race for millennia \[[@CIT0001]\], most comprehensive data on ancient frequencies are low, with only 4--6% of the teeth being affected \[[@CIT0002]\]. Experiences half a century ago far exceeded these frequencies, with 80--90% of children and adolescents having treatment requiring caries \[[@CIT0003]\]. Since up to 90% of the population can develop caries, caries seems to be a common condition among humans. While ancient frequencies show that poor oral hygiene alone cannot account for caries, nowadays a huge intake of sucrose combined with poor oral hygiene can result in catastrophic caries development requiring extensive dental restoration. Meticulous oral hygiene, refraining from sucrose, and daily exposure to fluoride have reduced caries effectively in most of the developed world during the past decades \[[@CIT0004]\]. Today, the severe and rampant caries of times past is mainly seen in selected patient groups, and it is evident that subnormal saliva flow rates accelerate the progression of dental caries considerably \[[@CIT0005]\]. However, an interesting phenomenon is the very few percent of a population who do not develop caries, most likely amounting to some 10% given the past frequencies on dental caries \[[@CIT0003]\].

Whole saliva, being a mixture of secretions from all salivary glands combined with a broad spectrum of oral bacteria, is a biological fluid that can be easily collected in sufficient quantities for state-of-the-art sophisticated microbial analyses \[[@CIT0006],[@CIT0007]\]. Recently, it has been reported that the composition of the microbiota from such whole saliva is influenced by smoking, life-style, and the salivary secretion rate \[[@CIT0008]--[@CIT0011]\]. Likewise, differences in salivary bacterial profiles have been shown in patients with oral diseases, such as caries and periodontitis, when compared with orally healthy individuals \[[@CIT0012]--[@CIT0014]\]. However, at present, it is not known if different levels of present and past caries experience associates with characteristic salivary bacterial profiles.

Thus, the purpose of the present study was to compare microbiotas in saliva samples from two groups that previously have been physicochemically characterized with a 10-fold difference in caries experience \[[@CIT0015]\]. The null hypothesis was that salivary bacterial profiles would not associate with highly significant different levels of caries experience.

Materials and methods {#S0002}
=====================

Oral examination {#S0002-S2001}
----------------

Oral examinations were performed in 2008 and 2009 as part of the Danish Health Examination Survey (DANHES), which has been presented in detail elsewhere \[[@CIT0016]\]. In brief, the oral examination was performed in fully equipped mobile dental settings or local municipal clinics by three dental hygienists who were calibrated on two occasions with inter- and intra-examiner kappa coefficients between 0.85 and 0.93 \[[@CIT0016]\]. Caries was registered according to Moller and Poulsen \[[@CIT0017]\] as manifest caries on tooth and surface level expressed as DMFT (decayed, missed, filled tooth) and DMFS (decayed, missed, filled surfaces) \[[@CIT0016]\].

Study population {#S0002-S2002}
----------------

The study population, which is a subpopulation of the DANHES, has been described previously \[[@CIT0016]\]. In brief, from a total of 4,402 individuals enrolled in the DANHES cohort, three groups of age-, sex-, and geographically matched individuals with normal salivary flow rate but different oral health status were identified for comparative analysis of salivary physicochemical characteristics \[[@CIT0015]\]. Subsequently, two of these groups were enrolled in this study: a group with low levels of caries experience (healthy group: *n* = 85) and a group with high levels of caries experience (caries group: *n* = 85). A total of six samples failed the initial quality control steps of Human Oral Microbiome Identification Next Generation Sequencing (HOMI*NGS*), which meant that a total of 164 saliva samples could be analyzed by HOMI*NGS*: 85 samples from the healthy group and 79 from the caries group. Finally, subsequent analysis was performed on the active caries-free part of both groups (healthy: *n* = 57; caries: *n* = 31).

Ethical approval {#S0002-S2003}
----------------

The study was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans, and was approved by the Ethical Committees for the Region of Copenhagen, Denmark (H-C-2007--0118). All participants signed informed consent. The establishment of a biobank was approved by the Danish Data Protection Authority (2007--41-1567), and the manuscript complies with the STROBE guidelines.

Collection of paraffin chewing stimulated whole saliva samples {#S0002-S2004}
--------------------------------------------------------------

Collection of stimulated saliva samples was performed according to a previously described protocol \[[@CIT0015],[@CIT0016]\]. In brief, stimulated saliva sampling was started by flushing with tap water followed by chewing on 1 g of sterile paraffin wax for 1 min, after which the initially collected saliva was discarded and not used for analyses. Subsequently, the participant was instructed to chew and spit continuously for 3 min into a sterile plastic cup, after which time the collected saliva from the cup was stored at --80°C. The aliquot used for the present study had not been previously thawed in order to ensure minimal neuraminidase and protease activities.

*HOMI*NGS {#S0002-S2005}
---------

DNA isolation was done as previously described \[[@CIT0011]\], and bacterial identification was performed using HOMI*NGS*. HOMI*NGS* is a next-generation sequencing (Illumina)--based molecular technique, which in combination with a customized BLAST program (ProbeSeq for HOMINGS, Forsyth Institute, Cambridge, MA, USA) enables simultaneous identification of around 600 oral taxa \[[@CIT0018]\]. The Probeseq database contains sequences of custom-made 16S rDNA probes (17--40 bases long) based on the HOMD database \[[@CIT0019]\]. Specifically, bacterial identification is based on 598 species-specific probes and 94 genus-specific probes (probes targeting two or more closely related taxa within the same genus) present in the Probeseq database. A complete list of probes present in the Probeseq database is presented in the [Supplementary Material](http://10.1080/20002297.2016.1270614) (S1). The laboratory procedures of HOMI*NGS* was performed according to a protocol modified from Caporaso et al. \[[@CIT0020]\], as 10--50 ng of DNA was initially polymerase chain reaction (PCR)-amplified using primers targeting the V3--V4 region (341 F and 806 R) of the 16S rRNA gene. Subsequently, AMPure beads were employed for purification of PCR amplicons, and 100 ng of each library was pooled and gel purified. Finally, qPCR was used for quantification, followed by MiSeq (Illumina, San Diego, CA, USA) sequencing of 12 pM of the library mixture and 20% Phix. In this study, an average of 91,531 (range 38,086--146,049) sequences (441 bp long) was obtained after bad reads sequences had been removed from analyses, out of which 78% (range 46--90%) and 36.0% (range 16--57%) were identified at species level and genus level, respectively. A total of 618 probe-targets were observed, with a mean number of 240 (range 137--341) per sample. A complete list of all identified probe-targets is presented in the [Supplementary Material](http://10.1080/20002297.2016.1270614) (S2).

Statistical analyses {#S0002-S2006}
--------------------

Epidemiological data, clinical data and α-diversity were compared using an unpaired *t*-test and chi-square test. For these analyses, a *p*-value of \<0.05 was considered significant.

Relative abundance of species identified were compared between groups using the Mann--Whitney *U*-test, and Benjamini--Hochberg correction was used to control for multiple comparisons \[[@CIT0021]\]. For this analysis, an adjusted *p*-value of \<0.0001 was considered statistically significant. Correspondence analysis was used for data reduction. GraphPad Prism v5 (San Diego, CA, USA) and MeV 4_8\_1 were used as statistical software \[[@CIT0022]\].

Results {#S0003}
=======

Epidemiological data and clinical characteristics {#S0003-S2001}
-------------------------------------------------

Epidemiological data and clinical characteristics of the healthy group with low levels of caries experience (*n *= 85) and the caries group (*n* = 79) with high levels of caries experience are presented in [Table 1](#T0001){ref-type="table"}. As can be seen, these groups expressed comparable compositions in terms of age and sex (*p* = 0.77 and *p* = 0.19, respectively) but major differences in number of surfaces with caries present (DS; *p* \< 0.0001) and number of filled surfaces (FS; *p* \< 0.0001).Table 1.Epidemiological and clinical data. Healthy (*n* = 85)Caries (*n* = 79)*p*-ValueAge (years), mean (range)47 (18--75)48 (22--76)0.77Sex, % M/F41/5930/700.19DS, *M* ° *SD*0.7 ± 1.3 (0--6)2.7 ± 4.1 (0--18)**\<0.0001**FS, *M* ° *SD*6.4 ± 6.4 (0--23)67.0 ± 24.4 (22--110)**\<0.0001**DFS, *M* ° *SD*5.5 ± 5.2 (0--19)57.1 ± 21.2 (20--97)**\<0.0001**[^1][^2]

Likewise, epidemiological data and clinical characteristics of caries-free individuals in each group are presented in [Table 2](#T0002){ref-type="table"}, which demonstrates insignificantly different compositions in age (*p* = 0.14) and sex (*p* = 0.10) but a major difference in the number of filled surfaces (FS; *p* \< 0.0001).Table 2.Epidemiological and clinical data on individuals without decayed surfaces. Healthy (*n* = 57)Caries (*n* = 31)*p*-ValueAge (years), mean (range)45 (18--75)50 (22--76)0.14Sex, % M/F40/6022/780.10DS, *M* ° *SD*0.0 ± 0.0 (0--0)0.0 ± 0.0 (0--0)1.0FS, *M* ° *SD*6.2 ± 6.3 (0--23)73.2 ± 22.5 (33--110)**\<0.0001**DFS, *M* ° *SD*4.8 ± 4.8 (0--18)61.2 ± 21.2 (24--97)**\<0.0001**[^3]

Salivary bacterial profiles differ between individuals with different levels of caries and caries experience {#S0003-S2002}
------------------------------------------------------------------------------------------------------------

The top 10 most predominant genera are displayed in [Figure 1](#F0001){ref-type="fig"}(a). In both groups, the five most predominant genera were *Streptococcus*, *Prevotella, Rothia*, *Veillonella*, and *Granulicatella*, accounting for approximately 50% of all bacterial DNA present. Saliva samples from the healthy group were associated with a twofold higher relative abundance of *Neisseria*, *Haemophilus*, and *Fusobacterium*, whereas a slightly higher relative abundance of *Streptococcus* was noted in samples from the caries group.Figure 1.Salivary bacterial profiles in individuals with different levels of caries and caries experience. (a) Relative abundance of the 10 most predominant bacterial genera identified in saliva samples in each group. (b) Shannon index expressed as mean and range in each group. (c) Correspondence analysis visualized two-dimensionally with axes expressed as the two most crucial inertia values (cumulative inertia: 16.96%). Blue: healthy group; red: caries group.

In addition, when comparing microbial diversity by means of the Shannon diversity index, samples from the healthy group (*M* ± *SD* = 2.36 ± 0.35) displayed a significantly higher α-diversity than samples from the caries group did (*M* ± *SD* = 2.12 ± 0.32; [Figure 1](#F0001){ref-type="fig"}(b); *p* \< 0.0001). Furthermore, when applying correspondence analysis (CoA) for data reduction, a tendency for separation between groups was evident ([Figure 1](#F0001){ref-type="fig"}(c)).

Finally, comparisons between groups at species level revealed that 26 bacterial species were present in significantly different relative abundance in the two groups (12 health associated and 14 caries associated; adjusted *p*-value \<0.0001). In general, bacterial species found to associate with either group constituted \<0.01% of salivary microbiota. However, traditional caries-associated bacteria such as *Streptococcus mutans* and *Lactobacillus salivarius* were identified with higher relative abundance in samples from the caries group. A complete list of bacterial species identified with significantly different relative abundance in the two groups is presented in [Table 3](#T0003){ref-type="table"}.Table 3.List of species identified with significantly different relative abundance in samples from individuals with different levels of caries and caries experience. Relative abundance (%)  Species**Healthy (*n* = 85)Caries (*n* = 79)**Raw *p*-valueAdjusted *p*-value*Bifidobacterium dentium*0.001850.007048.65 × 10^--11^2.67\*10^--8^*Fusobacterium periodonticum*1.655750.527742.02 × 10^--10^4.16\*10^--8^*Parascardovia denticolens*0.000130.003886.19 × 10^--10^9.57\*10^--8^*Lactobacillus salivarius*0.000010.096812.26 × 10^--8^2.79 × 10^--6^*Stomatobaculum* sp ot0970.390230.146183.10 × 10^--8^3.19 × 10^--6^*Mitsuokella* sp ot1310.000530.002979.46 × 10^--8^6.50 × 10^--6^*Porphyromonas* sp ot2791.153740.353271.75 × 10^--7^1.08 × 10^--5^*Streptococcus mutans*0.014180.045342.07 × 10^--7^1.16 × 10^--5^*Bergeyella* sp ot3220.113290.056352.42 × 10^--7^1.22 × 10^--5^*Cryptobacterium curtum*0.004420.015672.68 × 10^--7^1.22 × 10^--5^*Actinomyces* sp ot1810.040630.103436.02 × 10^--7^2.32 × 10^--5^*Haemophilus parainfluenzae*2.262571.054097.25 × 10^--7^2.64 × 10^--5^*Veillonella rogosae*1.256290.636288.29 × 10^--7^2.85 × 10^--5^*Veillonella* sp ot9170.065960.156171.46 × 10^--6^4.75 × 10^--5^*Neisseria flavescens*2.169570.294641.79 × 10^--6^5.43 × 10^--5^*Lactobacillus vaginalis*0.000010.013891.85 × 10^--6^5.43 × 10^--5^*Atopobium parvulum*0.023300.046962.22 × 10^--6^6.01 × 10^--5^*Leptotrichia* sp ot2230.018050.007569.10 × 10^--6^2.25 × 10^--4^*Megasphaera* sp ot1230.000960.006559.76 × 10^--6^2.32 × 10^--4^*Lachnoanaerobaculum* sp ot0830.011010.000431.24 × 10^--5^2.74 × 10^--4^*Tannerella* sp ot8080.034410.004191.31 × 10^--5^2.80 × 10^--4^*Streptococcus* sp ot0680.003680.006271.65 × 10^--5^3.40 × 10^--4^*Prevotella shahii*0.033240.007181.94 × 10^--5^3.88 × 10^--4^*Scardovia wiggsiae*0.014580.031282.28 × 10^--5^4.40 × 10^--4^*Prevotella* sp ot3960.008920.001724.44 × 10^--5^8.07 × 10^--4^*Veillonella denticariosi*0.091860.111775.17 × 10^--5^9.13 × 10^--4^

Compositional differences in salivary microbiota in caries-free individuals with different levels of caries experience {#S0003-S2003}
----------------------------------------------------------------------------------------------------------------------

In general, salivary microbial differences observed between the healthy group and the caries group were more pronounced when limiting the analysis to caries-free individuals in both groups. This was illustrated by a higher relative abundance of *Neisseria* (threefold), *Fusobacterium* (threefold), *Gamella* (twofold), and *Haemophilus* (twofold) in the healthy group ([Figure 2](#F0002){ref-type="fig"}(a)). In line with this, a more marked difference in α-diversity (2.39 ± 0.32 vs. 2.00 ± 0.29; *p* \< 0.0001; [Figure 2](#F0002){ref-type="fig"}(b)) and almost complete separation using CoA between samples from caries-free individuals with different levels of caries experience were evident ([Figure 2](#F0002){ref-type="fig"}(c)).Figure 2.Salivary bacterial profiles in caries-free individuals with different levels of caries experience. (a) Relative abundance of the 10 most predominant bacterial genera identified in saliva samples in caries-free individuals in each group. (b) Shannon index expressed as mean and range in caries-free individuals in each group. (c) Correspondence analysis visualized two-dimensionally with axes expressed as the with most crucial inertia values (cumulative inertia: 21.42%). Blue: healthy group; red: caries group.

In contrast, only 11 bacterial species were identified with significantly different relative abundance (seven health associated and four caries-associated; adjusted *p*-value \<0.0001). A complete list of bacterial species identified with significantly different relative abundance is presented in [Table 4](#T0004){ref-type="table"}.Table 4.List of species identified with significantly different relative abundance in samples from caries-free individuals with different levels of caries experience. Relative abundance (%)  Species**Healthy (*n* = 57)Caries (*n* = 31)**Raw *p*-valueAdjusted *p*-value*Bifidobacterium dentium*0.003510.005611.46 × 10^--7^2.77 × 10^--5^*Fusobacterium periodonticum*1.269220.450171.49 × 10^--7^2.77 × 10^--5^*Porphyromonas* sp ot2790.863300.155092.27 × 10^--7^2.77 × 10^--5^*Bergeyella* sp ot3220.085610.040392.80 × 10^--7^2.77 × 10^--5^*Lactobacillus salivarius*0.003470.009835.50 × 10^--7^4.66 × 10^--5^*Streptococcus* sp ot0680.004690.007387.79 × 10^--6^5.13 × 10^--4^*Parascardovia denticolens*0.000830.002131.36 × 10^--5^6.71 × 10^--4^*Alloprevotella* sp ot9140.009410.000981.54 × 10^--5^7.02 × 10^--4^*Stomatobaculum* sp ot0970.321100.134591.75 × 10^--5^7.34 × 10^--4^*Leptotrichia* sp ot2230.011860.003701.94 × 10^--5^7.34 × 10^--4^*Lachnoanaerobaculum umeaense*0.129650.077541.98 × 10^--5^7.34 × 10^--4^

Discussion {#S0004}
==========

The purpose of the present study was to compare salivary bacterial profiles in two groups with a major difference in caries experience. The main finding was that a significantly higher bacterial diversity (*p* \< 0.0001) and considerably higher salivary proportions of the genera *Neisseria*, *Fusobacterium*, and *Haemophilus* was associated with samples from individuals with low levels of caries experience when compared with age-, sex-, and geographically matched individuals having a 10 times higher caries experience.

Interestingly, these results are in part comparable to the data on salivary physicochemical characteristics of the same individuals. These data showed that low levels of caries experience were associated with a more favorable physicochemical saliva composition, especially in terms of its remineralizing potential, due to higher calcium and phosphorous levels \[[@CIT0015]\]. Thus, the findings of the present study support the concept that dental caries is a multifactorial disease where salivary physicochemical properties and the composition of the oral and salivary microbiota, among other factors, play a role in the presence or absence of disease \[[@CIT0023]\]. Accordingly, samples from healthy individuals with low caries experience were associated with higher abundance of the genera of *Neisseria*, *Haemophilus*, and *Fusobacterium*, of which most species in these genera only slightly ferment sugar, whereas saliva from individuals with high caries experience was associated with higher salivary abundance of *Streptococcus*, which includes species that heavily degrades sugars and forms extracellular and impermeable polysaccharides as well as utilizes lactate ([Figure 1](#F0001){ref-type="fig"}(a)) \[[@CIT0024]\].

One limitation of the present study was that some individuals in both groups had decayed tooth surfaces ([Table 1](#T0001){ref-type="table"}), which might have influenced data on the salivary bacterial composition. In fact, it has previously been reported that salivary bacterial composition in patients with dental caries differentiates from healthy controls \[[@CIT0012]\], and that higher salivary abundance of specific oral bacteria such as *S. mutans* and *L. salivarius* can be identified in saliva samples from patients with dental caries \[[@CIT0013]\]. It is therefore noteworthy that the majority of bacterial species, which in this study was identified with significantly higher relative abundance in samples from the caries group, constituted \<0.01% of the salivary microbiota identified ([Table 3](#T0003){ref-type="table"}). Accordingly, these bacteria were most likely shed from caries lesions and then dispersed into whole saliva, which emphasizes the potential of using salivary presence of specific oral bacteria such as *S. mutans* as a biomarker of dental caries.

To exclude the impact of decayed tooth surfaces present, an additional analysis was performed limited to samples from caries-free individuals in each group ([Table 2](#T0002){ref-type="table"}). Interestingly, when comparing the salivary microbiota in caries-free individuals with different levels of caries experience, only a limited number of bacterial species was identified with different relative abundances in the two groups ([Table 4](#T0004){ref-type="table"}). On the other hand, even more pronounced differences in bacterial diversity ([Figure 2](#F0002){ref-type="fig"}(b); *p* \< 0.0001) and microbial community profiling (CoA analysis; [Figure 2](#F0002){ref-type="fig"}(c)) were evident when limiting the analysis to caries-free individuals.

It is therefore speculated that pronounced salivary bacterial diversity, in combination with relatively high salivary abundance of the genera *Neisseria*, *Fusobacterium*, and *Haemophilus*, and favorable salivary psychochemical properties may potentially influence individual caries risk among healthy individuals with normal saliva flow rates. Along with these measures, diet and lifestyle will always be key parameters in any assessment of caries risk.

Obviously, the cross-sectional design of this investigation hampers the possibility of addressing solid causal aspects of the observed associations. Thus, future longitudinal studies are warranted to learn if the composition of the salivary microbiota might be a predictive factor of caries risk at the individual level.
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[^1]: Statistically significant values shown in bold.
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